Thin and ordered hydrogel films deposited through electrospinning technique; a simple and efficient support for organic bilayers  by González-Henríquez, Carmen M. et al.
Biochimica et Biophysica Acta 1848 (2015) 2126–2137
Contents lists available at ScienceDirect
Biochimica et Biophysica Acta
j ourna l homepage: www.e lsev ie r .com/ locate /bbamemThin and ordered hydrogel ﬁlms deposited through electrospinning
technique; a simple and efﬁcient support for organic bilayersCarmen M. González-Henríquez a,⁎, Guadalupe del C. Pizarro a,
Mauricio A. Sarabia-Vallejos b, Claudio A. Terraza c
a Departamento de Química, Universidad Tecnológica Metropolitana, Las Palmeras 3360, Santiago, Chile
b Instituto de Física, Pontiﬁcia Universidad Católica de Chile, Avda. Vicuña Mackenna 4860, Santiago, Chile
c Facultad de Química, Pontiﬁcia Universidad Católica de Chile, Avda. Vicuña Mackenna 4860, Santiago, Chile⁎ Corresponding author.
E-mail address: carmenmabel@gmail.com (C.M. Gonz
http://dx.doi.org/10.1016/j.bbamem.2015.06.023
0005-2736/© 2015 Elsevier B.V. All rights reserved.a b s t r a c ta r t i c l e i n f oArticle history:
Received 5 March 2015
Received in revised form 8 June 2015
Accepted 26 June 2015
Available online 28 June 2015
Keywords:
Electrospinning
Ellipsometry
Hydrogel wrinkled ﬁlm
DPPC bilayer
Biomimetic membrane
Phospholipid bilayer stabilityThermal behavior of Dipalmitoylphosphatidylcholine (DPPC) bilayers deposited over hydrogel ﬁbers was exam-
ined. Thus, membrane stability, water absorption–release, phase transitions and phase transition temperatures
were studied through different methods during heating cycles. Hydrogel ﬁlms were realized using an oligomer
mixture (HEMA–PEGDA575/photo-initiator) with adequate viscosity. Then, the ﬁberswere deposited over silicon
wafers (hydrophilic substrate) through electrospinning technique using four different voltages: 15, 20, 25 and
30 kV. The ﬁlms were then exposed to UV light, favoring polymer chain crosslinking and interactions between
hydrogel and substrate. For samples deposited at 20 and 25 kV, hierarchical wrinkle folds were observed at sur-
face level, their arrangement distribution depends directly on thickness and associated point defects. DPPC bilay-
ers were then placed over hydrogel scaffold using Langmuir–Blodgett technique. Field emission scanning
electron microscopy (FE-SEM) analysis were used to investigate sample surface, micrographies show homoge-
neous layer formation with chain polymer order/disorder related to applied voltage during hydrogel deposition
process, among other parameters. According to the results obtained, it is possible to conclude that the oligomer
deposited at 20 kV produce thin homogenous ﬁlms (~40 nm)with enhanced ability to absorb water and release
it in a controlledwayduring heating cycles. These scaffold properties confer toDPPCmembrane thermal stability,
which allow an easy detection of phase(s) and phase transitions. Thermal behavior was also studied via Atomic
ForceMicroscopy (roughness analysis). Contact anglemeasurements corroborate systemwettability, supporting
the theory that hydrogel thin ﬁlms act as DPPC membrane enhancers for thermal stability against external
stimuli.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
Biosensor development has beenwidely studied during recent years
due to their wide application range in many ﬁelds such as medical,
environmental, agricultural and food industry [1–5]. A common
example is blood glucose monitoring established as a valuable tool for
diabetes management — being a major health problem for most
developed societies — which continues to increase worldwide [6–10].
Wild et al. suggested that this disease will affect 4.4% of the global
population by 2030 depending on aging, urbanization, increasing
prevalence of obesity and physical inactivity, with complications
including increased risk of heart disease, kidney failure, blindness and
depression [11].
Signiﬁcant progress has been achieved in the design, analytical ap-
plication and stabilization of biosensors based on lipid bilayer mem-
branes [12–14]. Biological membranes play an important role inález-Henríquez).signal transduction, sensing environmental conditions, recognition or
transporting ions/molecules, and generate physical boundaries
between cells. These qualities transform this biomimetic system into a
good candidate for water puriﬁcation [15,16], drug screening [17],
drug delivery [18] andmedical treatment [19,20], among others. Hydra-
tion affects membrane thermal stability and phase/phase transition
temperatures. Dipalmitoylphosphatidylcholine (DPPC) is a typical
example of a phospholipid molecule. This lung surfactant shows three
characteristic phases; subgel (Lc), gel (Lβ) and liquid crystalline (Lα)
with their respective transitions: laminar gel (Lβ′) and ripple gel (Pβ′),
prime superscript refers to lipid molecules with tilt orientation away
from bilayer plane [21].
Preparation and deposition of biomimetic materials has become a
relevant research topic during recent years. Within this research
frame, electrospinning technique offers a versatile method to fabricate
nanoﬁbers with the possibility of controlling structure and spatial
dimensions [22]. These types of nanoﬁbers are being widely used as
matrices for bone, vascular and neutral tissue engineering applications
[23–25].
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and wetted ﬁngertips, among other biological examples, present undu-
lations (out-of-plane) at surface level. This kind of pattern has been
recently denominated as hierarchical nest wrinkling surface. This type
of structures occurs in polymer ﬁlms — particularly, elastomers —
when residual stress exceeds normal values for common layer
depositions, reaching critical values (Nbuckling stress limit) producing
“corrugated” structures at top.Wave properties and dimensions (ampli-
tude, wavelength, etc.) can be induced and controlled by heating, sol-
vent swelling, mechanical stretching/compression or capillarity [26,27].
Modiﬁed hydrogel surface (electrospinning ﬁbers) deposited over
solid substrate, produce a scaffold for DPPC bilayers with an improved
ordered roughness, which present cavities (spaces formed between
hydrogel chains) that has afﬁnity with water molecules, allowing
maintenance of an aqueous environment for biomembranes. This
property enhances bilayer stability against extern temperature, pH or
stress stimulus. This type of studies becomes necessary for future bio-
sensor applications based on transmembrane proteins (ion channel),
surface proteins or peptides (antimicrobial peptides). These proteins/
peptides will be located and immobilized onto artiﬁcial biomembranes
supported over solid substrates with modiﬁed hydrogel ﬁber scaffolds.
In this work, we report the voltage effect (in varied steps corre-
sponding to 15, 20, 25 and 30 kV) upon the formation of homogeneous
hydrogel ﬁlms produced by electrospinning over hydrophilic silicon
wafer substrates. DPPC was then deposited using Langmuir–Blodgett
technique, assuring a homogeneous and precise bilayer formation.
Thermal stability and water delivery were studied for different types
of scaffolds for biomembranes: Pure (HEMA–PEGDA575)/silicon wafer
and DPPC/(HEMA–PEGDA575)/silicon wafer. Surface morphology and
ﬁber structuration was related to polymer arrangement associated to
voltage utilized during ﬁlm formation, layer thickness and possible
point defects. At highest and lowest values for high voltage range
(15 and 30 kV), Taylor cone was not observed. In these cases, it was
possible to detect the presence of small hydrogel drops, homogeneously
distributed over the surface. It should be noted that the voltage used
during deposition modulates the surface roughness and, therefore,
water absorbance or delivery for each hydrogel layer. Phases and
phase transitions were clearly observed for DPPC/(HEMA–PEGDA575)-
25 kV/silicon wafer, using ellipsometry technique and, posteriorly,
corroborated by Atomic Force Microscopy (AFM).
2. Material and methods
2.1. Materials
Polymer synthesis was carried out using the following precursors:
2-Hydroxyethyl methacrylate (HEMA, 97%) containing ≤250 ppm
monomethyl ether hydroquinone, used as an inhibitor; and
poly(ethylene glycol) diacrylate of average Mn 575 (PEGDA575).
The photo-initiator utilized was 2-hydroxy-4′-(2-hydroxyethoxy)-
2-methylpropiophenone (Irgacure 2959, 98%). All these reactants
were acquired from Sigma-Aldrich (St. Louise, Missouri, USA)
and used with no previous treatment. In order to achieve a pre-
polymer solution, necessary for electrospinning deposition, a
thermal initiator was added to the reactive mix (ACS ammonium
peroxodisulfate grade reagent, 98% to Merck KGaA, Darmstadt,
Germany). To dissolve photo-initiator, 1-vinyl-2-pyrrolidone (NVP,
stabilized with N, N′-di-sec-butyl-1,4-phenylenediamine)
purchased from Merck was used.
1,2-Dipalmitoyl-sn-glycero-3-phosphocoline semisynthetic, ≥99%
(DPPC) was purchased from Sigma-Aldrich Company (St. Louise,
Missouri, USA) and used without further puriﬁcation. Chloroform,
sulfuric acid (95–97%) for analysis Emparta® ACS and water for
chromatography LiChrosolv® were obtained from Merck KGaA
(Darmstadt, Germany). p-Type b100N orientation silicon wafer was ac-
quired from Siegert Wafer GmbH (Aachen, Germany).2.2. Equipment and measurements
Hydrogel polymerizations were realized through sample radiation
exposure using a UV lamp with its emission peak centered at 365 nm
(Vilber Lourmat 230 V 50/60 Hz, 365 nm, 9 W).
The electrospinning system was home-made fabricated and
powered by a high voltage supply model AU — 50R 0.6, 30 W (maxi-
mum output voltage: 50 kV, maximum output current: 0.6 mA)
(Matsusada Precision Inc.). A Syringe pump, model TJ-1A/L0107-1A
(controller type/drive unit type) with infusion-only working
mode (Longer Syringe Pump) and a Tuberculin disposable syringe
of 1 ml (27 G × 1/2″), nominal outer/inner diameter: 0.4128 ± 0.0064
mm/0.210 ± 0.019 mm (StarMed, Ltd), were used to achieve a
controlled and homogeneous ﬁber formation over silicon substrate.
The multi-angle laser ellipsometer model SE 400adv (SENTECH
Instrument GmbH) permits realizing measurements between 40 and
90°, with 0.2° step precision, through attach motorized Hüber goniom-
eters. A stabilized He–Ne laser (633 nm) guarantees a 0.1 Å precision
measurement of thin ﬁlm thickness. Additionally, this instrument has
a home-made cooper sample holder, to facilitate heat conduction,
coupled with a temperature controller Model 325, from Lake Shore's
Co., which allowed sample temperature variation between room
temperature and 70 °C. Temperature controller uses a feed-back system
composed of a Pt100 temperature sensor (PT-102-2S model, useful
range 1.4 K to 873 K) and a 25 W heater (HTR-25 model), both
purchased from Lake Shore's Co. Surface temperature was determined
according to previous calibration over clean silicon wafer; using these
results it was possible to ﬁnd a relation between Pt100 temperature
(inside cooper sample holder) and surface temperature. Thickness
variationmeasurements duringheating cycleswere realizedwith a con-
stant laser incidence angle of 45°, respect to sample normal. Deposition
of DPPC bilayer over the hydrogel surface was realized through a Lang-
muir–Blodgett system model LT-102 (MicroTestMachines) equipped
with a compression arm that permits the variation of free surface area,
and therefore, surface tension of DPPC on water–air interface during
depositions. The apparatus also included a deposition arm attached to
a precise step motor to achieve homogeneous immersions and
emersions of the substrate. A surface pressure sensor consisting of a
Wilhelmy plate (ﬁlter paper of 12 × 12 mm2) connected to a ﬂexible
cantilever; variations of tensile forces present in water–air interface
change Wilhelmy plate z-position, producing cantilever deﬂection that
is measured through a He–Ne laser aligned with a four-quadrant
system. This instrument has integrated closed-loop cycle between
deposition and compress arm, which control important parameters
during deposition.
To understand surface sample morphology and variations according
to increasing temperature, a Digital Instruments nanoscope III atomic
force microscope (AFM) was used to obtain surface micrographies.
This instrument had the ability to scan an area of 125 × 125 μm2,
coupled with a z-axis length of 5.5 μm, with a resolution of 0.03 nm
[28]. AFM images were recorded with a super-sharp silicon probe of
10 nm radius, 330 kHz resonance frequency and spring constant of
42 Nm−1. The images were observed using off-line software packages
(Gwyddion) to qualitatively and quantitatively analyze the acquired
images [29]. The images displayed in this manuscript were taken with
20 × 20 μm2 scan range. The same tip was employed in all the images
in order to avoid a probable tip radius inﬂuence on the RMS roughness
values.
Field emission scanning electron microscope (FE-SEM) micro-
graphies of hydrogel ﬁlms, used as scaffold for DPPC were examined
with a JEOL JSM 6330F, at different magniﬁcations.
Contact angle measurements were realized at 23 °C with a ramé-
hart model 250 (p/n 250-U1) standard goniometer/tensiometer using
a sessile drop over solid substrate. This instrument includes an automat-
ed dispensing system. Contact angle data for thin ﬁlms were continu-
ously measured, system pictures were recovered every 5 min. Thus, it
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spherical cap through contact angle value (curve parameterization);
consequently any volume variations with respect to time (water
absorption) are easily determined. The refractive index of hydrogel,
composed by (HEMA–PEGDA575), and DPPC were measured using an
Abbe-Refractometer AR4 (A.KRÜSS Optronic GmbH).
2.3. DPPC-hydrogel system preparation
2.3.1. Silicon wafer cleaning method
Substrates were cleaned using a piranha solution in order to remove
the original native silicon oxide. The substrates were placed in a
H2SO4:H2O2 solution, in a ratio 7:3 vol/vol, during 30 min at 80 °C
[30]. Afterwards, they were subsequently washed with chromatogra-
phy water and slightly sonicated to eliminate traces of sulfuric acid
that may have remained over silicon wafer surface. Then, substrates
were dried with an ultra-pure nitrogen gas jet. This procedure devel-
oped the silicon surface with hydrophilic characteristics. Finally, silicon
oxide (SiO2) thickness (generated via cleaning method over silicon
wafer) was measured in different positions in order to ensure a correct
data acquisition; these results were obtained through ellipsometric
technique using the following refractive indexes: nSiO2 = 1.461 and
nSi = 3.846; kSi = 0.016, giving thickness values of ~1.4 nm for SiO2
native layer.
2.3.2. Hydrogel preparation
HEMA–PEGDA575 hydrogel formationwas carried out in transparent
ﬂasks coveredwith a septum. 1 g of HEMA (7.68mmol), 1.5 g of PEGDA-
575 (2.61 mmol), 0.625 ml of water, 10.0 mg of ammonium
peroxodisulfate (0.0766 mmol) and 0.0175 g of Irgacure 2959
(0.0779 mmol) were placed and mixed on the ﬂask. This last reactant
was dissolved in 0.1 ml of NVP. Reaction mixture was continuously
purged with nitrogen gas in order to displace the air from the system
avoiding unnecessarily oxidation. Finally, the ﬂasks were placed in an
oil bath at 46 °C for 16 min, producing a slight density increase in
reaction mixture, obtaining a pre-polymer solution appropriated for
electrospinning deposition.Scheme 1. Idealized tridimensional representation of DPPC/(HEMA–PEGDA575) sy2.3.3. Thin ﬁlm deposition using electrospinning/photo-polymerization
techniques
Pre-polymer solutions containing thermal initiator agents were
placed into a 1 ml plastic syringe. Syringe extrude ﬂow rate (3 μl/min)
was controlled using an automated pump; deposition time was
ﬁxed at 2 min. High voltage was applied to metal syringe needle.
Different high voltages (HV) from 15 to 30 kV (I = 7–16 μA (15 kV),
I = 10–22 μA (20 kV), I = 11–29 μA (25 kV) and I = 15–35 μA
(30 kV)) were used. The copper plate was located at 4 cm from syringe
needle tip, it is important to mention that HV values utilized for deposi-
tion are lower than dielectric constant for air (30 kV/cm), avoiding glow
discharges from needle tip. A silicon wafer (1 × 1 cm2) was placed over
the conductive sample holderwhere the nanoﬁberswere collected [24].
To initiate the photo-polymerization, the sample was irradiated with
UV light (365 nm) during 1 h (Scheme 1) and then put inside a hot
bath at 48 °C for 1 h in order to evaporate and remove the water pro-
duced during the reaction. The hydrogel thin ﬁlm thicknesses were
measured after deposition through ellipsometric technique using a
refractive index value obtained from the Abbe refractometer measure-
ment, nHg = 1.446.
2.3.4. DPPC deposited over ﬁber ﬁlms
The DPPC bilayer was placed over hydrogel ﬁber ﬁlms according to
the following procedure: 1 mg of the surfactant was dissolved in
0.5 ml of chloroform. Then, 60 μl of this solution was spread drop by
drop with a Hamilton syringe over a pure water sub-face interface
(Langmuir–Blodgett trough) at constant room temperature (~23 °C)
with posterior solvent evaporation occurring for someminutes. Second-
ly, the compression procedure was initiated at 1.51 mm/s allowing the
transfer of the DPPC monolayer to the hydrogel surface. The pressures
were varied between 48 and 55 mN/m depending on the isotherm
obtained for each DPPC deposition. Immersion and emersion speed
were kept the same, at 0.1 mm/s, in order to obtain homogeneous Y-
typeﬁlm. After deposition, theDPPC bilayer thicknessesweremeasured
through ellipsometric technique using a refractive index value obtained
from the Abbe refractometer measurement, nDPPC = 1.480. The DPPC
thicknesses varied over a range of ~5 nm. Scheme 1 shows an idealizedstem (up). Synthesis of hydrogel composed by HEMA and PEGDA575 (down).
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fectly orientedDPPC bilayer interacts with the polar surface of hydrogel.
3. Results and discussion
Electrospinning/photo-polymerization techniquewas performed for
deposit hydrogel ﬁlms. The same HEMA–PEGDA575 concentrations, but
at different deposition voltages (15, 20, 25 and 30 kV), were used. Via
this method, homogeneous hydrogel thin ﬁlms formed by ﬁbers were
obtained. Firstly these samples were characterized by FE-SEM andFig. 1. Surface topography for HEMA–PEGDA575 hydrogel ﬁlms obtained at different depthen were subsequently used as support for the DPPC bilayers. Second-
ly, ellipsometric and AFM measurements (roughness variation) were
also performed in order to characterize thermal DPPC behavior. Finally,
contact angle measurements were also realized to hydrogel ﬁlms for
quantify layer water absorption.
3.1. Field emission scanning electron microscopy (FE-SEM)
Fig. 1a–d shows micrographs of ﬁlms with different morphologies.
The differences observed at surface level were associated with appliedosition voltages, using FE-SEM technique: a) 15 kV; b) 20 kV; c) 25 kV and d) 30 kV.
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change produces stable and unstable (20, 25 kV and 15, 30 kV, respec-
tively) Taylor cones at the needle tip level. Therefore, wrinkle patterned
structures and cluster formation at surface level were visualized. Fig. 1a
shows ﬂat and inhomogeneous ﬁlms obtained at 15 kV where it was
possible to see some small oligomer drops deposited on silicon wafer
surface. It was probable that after the photo-polymerization process
these drops expanded their contour limits such that contact between
them formed a quasi-homogeneous ﬁlm.
Fig. 1b shows topography of the hydrogel sample surface deposited
at 20 kV, here the oligomer ﬁbers self-assemble after photo-
polymerization, resulting in an aligned array formed by parallel wrin-
kles. This surface structuration could be possibly related to electrical
conductivity of the substrate (Si(100)), it is important to remember
that silicon wafer generates a thin silicon dioxide layer when it is
exposed to ambient conditions (23 °C, atmospheric pressure and 35–
45% relative humidity) [31] with a thickness of ThSiO2 ~ 1–1.5 nm,
crystallographic structure of growth SiO2 (tetrahedral) promotes the
electrical chargemovement in one preferred direction, producing paral-
lel deposited hydrogel pattern. Fiber width dimensions of this array
indicate that the sample was composed by relatively uniformly sized
ﬁbers with ~10 μm width. In this image is possible to observe sharp
folds (micro-fractures) in the surface mainly related to hydrogel dehy-
dration enhanced by wrinkles present according to tension stretching
accumulated in surface, process that was predicted by linear buckling
theory [32], also, this effect is supported by low sample thickness
(~40 nm). In addition, the generation of micro-structures interconnect-
ed could be possibly related to crosslinking agent and UV radiation
exposure [33].
During the voltage increase from 20 kV to 25 kV, the oligomer
mixture was ejected from the needle tip with more energy producing
larger clusters during the electrospinning deposition (shown in
Fig. 1c). Cluster acted as a topological defect for surrounded region;
favoring a wrinkle initiation and posteriorly a guided growth [32].
Remarkably, at some distance from this big cluster at the center, the
ﬁber deposition achieved by electrospinning technique acquired an in-
teresting type of ordering at surface level, where it is possible to detect
ordered and symmetric array, but with different conﬁgurations
compared to the 20 kV sample. Here it is possible to observe amore fac-
eted (angular) deposition wherein deposition patterns are not parallel
anymore, instead they tend to formhierarchical nestedwrinkle periodic
structures at surface level [33]. In this region, located away from the
central cluster, the homogeneous and ordered pattern formed can be
explained according to ﬁlm thickness and substrate conductivity. In
this case, due to thehigher voltage used (25 kV), the silicon conductivity
also becomes important, not only silicon dioxide. Silicon wafer
(Si(100)) has a diamond crystallographic structure, that favors the
conductivity in different directions following an angular pattern, visual-
ized in Fig. 1c. Finally, Fig. 1d corresponds to micrographies obtained at
30 kV. These images showed discrete cluster and hydrogel agglomera-
tions upon the surface, again, these structures could be explained
according to the high voltage used during ﬁlm formation. Applied
energy produced a discontinuous ﬂow of polymer solution and there-
fore an unstable Taylor cone, implicating a large material discharge to
the substrate. Also, it was probable that the high voltage used during
the electrospinning deposition leads to a fast and instantaneous solution
temperature increase, producing partial or complete hydrogel polymer-
ization before deposition. So, the post deposition photo-polymerization
process, which enabled homogeneous and cross-linked ﬁber formation,
was prevented. This was probably the reason for the detection of pre-
polymerized clusters at surface level when 30 kV was used during
ﬁber deposition.
Images obtained at 18 kV, 23 kV and 28 kV were acquired with the
same FE-SEM instrument than other samples. All the surfaces present
clear transition process, between states previously mentioned (Fig. 1).
Fig. 2a, shows the presence of two phases, the ﬁrst one is related tothe appearance of ordered structures (small ﬁbers) which are found in
a preferred orientation, parallel with each other, like explained structur-
ation for 20 kV (Fig. 1b). The second phase (background) corresponds to
a smooth layer (some cluster) similar to the one obtained at the 15 kV
sample (Fig. 1a). Fig. 2b shows the surface topography for the sample
deposited at 23 kV, thus two textures are detected. Similar behavior
than 20 kV for ﬁrst texture is observed, where a parallel wrinkle struc-
ture is visualized. The second one is related to bigger ﬁbers, comparable
to the sizes obtained for the 25 kV sample (Fig. 1c) [34]. Finally, Fig. 2c
shows the behavior of the hydrogel deposited at 28 kV, in this image
it is possible to visualize wrinkle ﬁber pattern, similar texture with
that observed for 25 kV sample, but small stains at surface level are
detected, probably associated with cluster collapsing, like 30 kV surface
sample (Fig. 1d).
In order to study possible changes of surfacewhen DPPC bilayer was
deposited over the hydrogel scaffold, FE-SEM images (Fig. 3) were ac-
quired before and after DPPC deposition for the same sample (25 kV).
Thus, Fig. 3a shows the classic behavior of hierarchical wrinkles obtain-
ed at 25 kV (Fig. 1b), whichdisappearwhen surfactant bilayer is formed.
Fig. 3b shows amicrographwith certain surface homogeneity, probably
related to the technique used for DPPC bilayer deposition (Langmuir–
Blodgett). However, on the layer surface it was possible to observe
small rounded aggregate structures with a diameter at arounds 0.6–
0.8 μm, identiﬁed as vesicles (closed bilayer upon itself containing
water in their interior), these structures were formed probably due to
the moist environment and, also, to the hydrogel ability of absorbing
water and releasing it to the system [35].
3.2. Ellipsometric analysis
Ellipsometric studies were carried out upon pure hydrogel ﬁlms
obtained at different voltages (15 kV, 20 kV and 25 kV) and also to the
respective systems with DPPC coating (Scheme 1). The sample derived
from the hydrogel deposited using an electric potential of 30 kV was
not studied due to poor ﬁlm surface homogeneity. All measurements
were realizedwith a previous humectation (10min) in order to analyze
a wet and stable system. Surface remnant water was eliminated with a
low ultra-pure N2 (gas) ﬂow.
Fig. 4a shows thermal behavior of pure (HEMA–PEGDA575) at 15 kV
for deposition. When temperature was increased from 25 °C to 55 °C, a
total thickness change — from 190.1 nm to 191.3 nm — was observed
(Δthick. = 1.2 nm). This small thickness change could be attributed to
the physical reaction of polymer chains to external temperature stimu-
lus (material thermal expansion).
Fig. 4b shows sample with initial thickness located at 4.78 nm for
23.3 °C. Sample thicknesses oscillate at the heating process beginning;
this dimension tends to decrease until it reaches a minimum of
~4.2 nm between 37 °C and 39.2 °C (relative thickness stabilization).
After 40 °C, a sustained thickness increment was detected until it
reaches ~4.8 nm at 55.0 °C and a maximum in 50.2 °C. This effect was
related to hydrogel behavior shown in Fig. 4a; past 40 °C, pure hydrogel
ﬁlm thickness increased by 0.8 nm, a value comparable to 0.6 nm
resulting within the same temperature zone for sample with DPPC
coating (Fig. 4b). For this ﬁnal system, in the ﬁrst temperature ramp it
was possible to detect two plateaus between 26.0–28.0 °C and 33.0–
35.6 °C which could be related to Lβ′ and Pβ′ phases; respectively. In
addition, one phase transition temperaturewas detected corresponding
to Lβ′–Pβ′ transition, located between 28.7 °C and 33.0 °C. For tempera-
tures higher than 35.6 °C the Pβ′–Lα transition was expected to begin,
however at 37.0 °C a plateau was observed until 39.2 °C, then hydrogel
behavior (square in Fig. 4b) is predominant, making it impossible to
detect DPPC phases. These values were not consistent with previous
studies [36]. Gonzalez et al. don′t include a scaffold beneath DPPC
bilayer, generating instabilities in biomembranes, avoiding the
detection of clear phases and phase transitions. Likewise, the deposition
technique used in this case was very different to the ones reported in
Fig. 2. Surface topography for HEMA–PEGDA575 hydrogel ﬁlms obtained at different deposition voltages, using FE-SEM technique: a) 18 kV; b) 23 kV and c) 28 kV.
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becomes much more complicated to achieve a stable DPPC bilayer.
Fig. 5 shows thermal behavior of pure hydrogel ﬁlm deposited at
20 kV. It was possible to detect a clear tendency to release surface
water. To promote fair testing, all measurements were taken at the
same point. Thus, ﬁrst heating cycle shows thickness decrease from
40.1 nm to 38.2 nm when the temperature was raised from 24 °C to
55.0 °C (Δthick. = 1.9 nm). Second and third heating cycles, both within
same temperature range, present total thickness changes of Δthick. =
0.9 nm and Δthick. = 0.3 nm; respectively. These results strongly sug-
gested that ﬁrstly the hydrogel had absorbed water, and then subse-
quently releasing it to the environment in a controlled way. Thickness
decrease is a consequence of this process, producing less water released
each cycle. Thus, during the third thermal cycle, thickness of pure
hydrogel remained almost unaffected (~36.0 nm).
Fig. 6 shows thickness variation of the system composed by DPPC
and hydrogel (20 kV). The sample had an initial thickness of 5.5 nm
(at 22.0 °C) (Fig. 6a). When surface temperature was increased,
a sustained thickness decrease until 5.3 nm at 30 °C was observed.
After this point, two consecutive plateaus were detected. Finally, an
important thickness increase occurs reaching 5.6 nm at 55.0 °C. InDPPC/ﬁber hydrogel system is possible to visualize clear phases and
phase transitions related to surfactant bilayer.
The ﬁrst cycle showed all phases and phase transitions for DPPC [21,
37,38]. Thus, three DPPC phases were detected as plateaus during
the heating process, located between 30.1–32.2 °C (Lβ′ phase), 33.6–
35.5 °C (Pβ′ phase) and 43.8–47.6 °C (Lα phase), over this temperature
and until 55 °C, DPPCmoleculesmove randomly, characteristic behavior
of disordered ﬂuid phase, presenting high associated error due to inter-
digitated lipid chains. Likewise, phase transitionswere located between
22.5–30.1 °C (Lc–Lβ′), 32.2–33.6 °C (Lβ′–Pβ′) and 36.4–43.8 °C (Pβ′–Lα).
These temperature ranges were consistent with the thickness data ob-
tained from ellipsometric measures: The Lc–Lβ′ transition was related
to a thickness decrease due to a phospholipidic molecule inclination
(tilting process). Also, Pβ′–Lα transition must have been related to a
thickness increase associated with bilayer mobility. Finally, Lα could
be related to a thickness increase or decrease, but always with a high
associated error. This instability is generated from high membrane
entropy favoring layer movement.
The second thermal cycle (Fig. 6b) presents same phases observed in
Fig. 6a. At 22.0 °C, DPPC bilayer had a thickness of 5.6 nm, which
decreased abruptly until 31.5 °C. At this point, it was possible to ﬁnd a
Fig. 3. Surface topography for: a) HEMA–PEGDA575 hydrogel ﬁlms (25 kV) and b) DPPC/HEMA–PEGDA575.
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second plateau about 45.3 °C. In this temperature, the bilayer presents
a thickness near to 5.4 nm, this value remains constant until 55 °C,
with a high associated error. These three plateaus were located at
28.6–31.0 °C (Lβ′ phase), 33.5–35.1 °C (Pβ′ phase) and 45.3–47.5 °C
(Lα phase) with their respective phase transitions. Finally, the third
heating cycle (Fig. 6b, below) did not show ripple phase related to an
increase in thickness. This effect was probably due to the low amount
of remnant water after the two previous thermal cycles. Three plateaus
were detected in this analysis that corresponded to: 26.6–28.7 °C
(Lβ′ phase), 37.0–38.4 °C (Pβ′ phase) and 48.2–50.8 °C (Lα phase). The
variation in temperature range, comparingﬁrst, second and third cycles,
was associated to water absence in the system; affecting molecule
order, integrity and mobility of DPPC bilayers.
Structural changes for DPPC bilayer, as function of temperature,
were visible due to water releasing from hydrogel scaffold. It followsFig. 4. Ellipsometric studies for ﬁrst heating cycles of a) pure (HEMA–PEGDA575)-15that the differences observed for ﬁrst heating cycles between both
systems (Figs. 4b and 6a) were related to a particular type of surface
hydrogel ordering. Thus, the ability to release water from hydrogel
scaffold modulates DPPC membrane stability in a speciﬁc temperature
range.
The pure hydrogel deposited at 25 kV (Fig. 7a) had an initial thick-
ness of 236.1 nm at 24.0 °C decreasing to 234.4 nm at 55.0 °C, leading
to a total thickness difference of 1.7 nm. The initial loss of thickness
was due to evaporation of remnant surface water, process occurred
between 24.0 °C and 48.8 °C. After this temperature, the ellipsometric
curve presents a considerable decrease probably due to occluded
water loss, with a Δthick of 0.7 nm, corresponding to 41.2% of the total
thickness. DPPC was deposited over hydrogel, the system obtained
revealed an important thickness change (Fig. 7b); this curve did not
display evidence of complex thermal processes. Notwithstanding,
three stable plateaus were observed: 25.2–26.7 °C (Lβ′ phase), 32.8–kV/silicon wafer and b) DPPC/(HEMA–PEGDA575)-15 kV/silicon wafer system.
Fig. 5. Ellipsometric studies of pure (HEMA–PEGDA575)-20 kV/silicon wafer: a) ﬁrst heating cycle and b) second–third heating cycles.
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transitions. For temperatures over 44.7 °C, a slight decrease in DPPC
layer thickness was observed with a subsequent plateau, corresponding
to a disordered ﬂuid phase. This sample displayed an important total
thickness decrease during its ﬁrst heating cycle, reaching values near
3.8 nm at 55 °C. Opposite behavior presented by the two samples
formed using smaller voltages within the same temperature range,
additionally this system did not recover its initial thickness. This behav-
ior supports the hypothesis that molecules were tilted, according to
surface normal, when temperature increases. However, it is important
to remark here that this system contains lesswater than the onederived
from hydrogel deposited at 20 kV. Thus, DPPC bilayer structure had
insufﬁcient water, avoiding biomembrane reorganization after temper-
ature cycle. This was, also, the reason for the quick bilayer collapse. ItsFig. 6. Ellipsometric studies for DPPC/(HEMA–PEGDA575)-20 kV/siliconlower capacity for water absorption was closely related to surface scaf-
fold morphology.
For a synthetized summary of these phases and phase transition
temperatures for DPPC bilayer obtained via ellipsometric measure-
ments see Table 1.
According to the results obtained by ellipsometric measurements,
when voltages above or below 20 kV (15, 25 or 30 kV) were used for
polymeric ﬁber deposition, it was not possible to produce homogenous
ﬁlms associated with low ﬁlm thickness. However, a voltage of 20 kV
produced a homogeneous hydrogel deposit of about 40 nm (Fig. 5a).
For this reason, AFM analysis was realized only to this type of system
(DPPC-hydrogel 20 kV). Under these conditions, DPPC bilayermaintains
high stability, and therefore it could be analyzed through surface rough-
ness variation (AFM).wafer: a) ﬁrst heating cycle and b) second–third heating cycles.
Fig. 7. Ellipsometric studies for ﬁrst heating cycle of: a) Pure (HEMA–PEGDA575)-25 kV/silicon wafer and b) DPPC/(HEMA–PEGDA575)-25 kV/silicon wafer system.
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Morphological studies for DPPC/(HEMA–PEGDA575)-20 kV/silicon
wafer system were realized and displayed in Fig. 8a. AFM proved that
sample had detectable phases and phase transitions when subjected
to thermal cycles. Fig. 8a shows micrographies (20 × 20 μm2) from a
sample sector where a heating stage was used to vary the temperature
from 25 °C to 70 °C through the following protocol: 25–40 °C (2 °C
steps), 40–50 °C (5 °C steps) and 60–70 °C (10 °C steps). From these
images surface roughness were measured. According to obtained
results, phases and phase transitions of DPPC bilayer were estimated
[36]. Thus, between 25 °C and 27 °C, the images acquired showed a con-
siderable change in surface roughness indicated by texture (morpholo-
gy) variation. This process was likely associated with a DPPC phase
transition (Lc → Lβ′) without cluster mobility at the surface level. Be-
tween 27 °C and 29 °C, a small roughness increase was detected
(Fig. 8b), then for 29 °C and 31 °C, topography of each image is similar
which would correspond to Lβ′ phase (27–31 °C). Between 31 °C and
33 °C, a roughness increase is visualized, corresponding to a clear
phase transition (Lβ′→ Pβ′). Then, over 33 °C and until 37 °C, Pβ′ should
be observed, however it is not possible to ensure this due to an unclear
stability of roughness between these temperatures. This behavior could
be explainedwith high sample temperature time exposure, AFMmicro-
graphs take too much time to be acquired (~30 min for each image),
allowing the sample to reach thermal stability. Ripple phase is deﬁned
as a metastable phase [39,40], making their detection impossible
under these conditions. Then, from this point (37 °C) and until 45 °C,
molecules at surface level showed higher mobility between layers,
reﬂected in a roughness decrease due to a complete or partial inter-
digitated lipid chain process (Pβ′–Lα). Above 45 °C and until 70 °C,
roughness stabilization is visualized; in this range, the images were
difﬁcult to acquire due to surface smoothness, forming ﬂat regions.Table 1
DPPC phase and phase transition temperature values obtained for each sample (15, 20 and
25 kV) through ellipsometric and AFM measurements.
Phase-transitions/°C
Samples Lc–Lβ′ Lβ′ Lβ′–Pβ′ Pβ′ Pβ′–Lα Lα
15 kVa N/A 26.0–28.0 28.7–33.0 33.0–35.6 N/A N/A
20 kVa 22.5–30.1 30.1–32.2 32.2–33.6 33.6–35.5 36.4–43.8 43.8–55.0
25 kVa N/A 25.2–26.7 27.3–32.2 32.8–34.3 34.3–41.3 42.0–55.0
AFM (20
kV)b
25.0–27.0 27.0–31.0 31.0–33.0 N/A 37.0–45.0 45.0–70.0
N/A corresponds to temperature range that cannot be properly established.
a DPPC/(HEMA–PEGDA575) deposited at different voltages measured through
ellipsometry.
b DPPC/(HEMA–PEGDA575) deposited at 20 kV measured through AFM.This behavior could be related to a ﬂuid disorder phase (Lα), an idea
supported by the cluster movement observed from 40 °C [41].
Summarizing, using AFM roughness measurements against temper-
ature was impossible to detect clearly the DPPC ripple phase for this
sample, possible due to sample long time exposure to temperature.
For ellipsometric measurements, thirty data per second were taken at
each Celsius degree (30 s), sixty times less than AFM. This is why
ellipsometry can detect ripple phase and other techniques cannot do it.
In order to synthetize the results obtained through ellipsometric and
AFMmeasurements a table is presented below (Table 1). Thus, possible
movements of the surfactant bilayer have been associated to a DPPC
phase or phase transition. At low temperatures, the maximum differ-
ence between these values during the same phase/phase transition is
higher (4.9–5.5 °C, in Lβ′ phase) and becomes lower for higher temper-
atures (0.8–1.3 °C, in Pβ′ phase). This behavior is probably related to
abrupt initial thermodynamic energy inclusion; near ambient tempera-
tures, minimal thermodynamic variations highly inﬂuence sample
surface behavior, producing thermal instability that could vary the
obtained results. At higher temperatures, more control for temperature
stabilization is possible.
In general, all biomembranes analyzed present similar temperatures
for these phases/phase transition limits, excluding 20 kV sample
(ellipsometry and AFM data). This sample presents shift to higher
temperature limits for all the phases; a behavior that could be related
to lower scaffold thickness (~40 nm), different surface ordering (hierar-
chical pattern of localized folds) and their enhanced ability to absorb
water (contact angle measurements, next section), but not to release
it to the environment [42].3.4. Contact angle
In order to study surface wettability and evaluate the inﬂuence
of voltage used during hydrogel deposition, contact angle for
DPPC/(HEMA–PEGDA575) systems was continuously measured over
25 min at 23 °C. Systems analyzed correspond to samples wherein
hydrogel ﬁlm was deposited using 15, 20 and 25 kV; respectively.
Drop curvature and, therefore, contact angle decreases with time due
to water absorption by hydrogel ﬁlm and, also, due to solvent evapora-
tion process undergone by the sample at room conditions (23 °C, ~41%
humidity). In order to consider this last process in our calculation;
contact angle data taken for clean silicon wafer was subtracted for
each sample.
AFM results discussed earlier showed that the voltage used to
prepare hydrogel ﬁlms, have a deep inﬂuence on sample morphology;
therefore it was acceptable to hypothesize that this parameter would
also affect system wettability. Also, it is known that ﬁlm water absor-
bance depends directly on its thickness; therefore, values of absorbed
Fig. 8. a) Micrographies obtained using AFM technique (20 × 20 μm2) under heating cycles for DPPC/(HEMA–PEGDA575)-20 kV/silicon wafer system. b) Surface roughness associated at
each temperature analyzed.
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each sample (Fig. 9a). Thus, a higher afﬁnity with the dissolvent was
observed for systems derived from hydrogel deposited at 20 kV, a
behavior that could be attributed mainly to surface structural arrange-
ment or morphology of the hydrogel used as scaffold. This sample
showed water absorption percentage about 2.48% of total volume per
minute (value obtained through the determination of plot slope).
Secondly, the hydrogel deposited at 25 kV, and then covered with a
bilayer of DPPC, present lower water absorption percentage (~0.72%
of total volume per minute). This result can be explained according to
the high crosslinking degree of hydrogelﬁlm, possibly due to the energy
applied during electrospinning deposition process (at 25 kV); this can
be seen in Figs. 1c and 3a. For this sample, free volume between chains
of the polymeric support was low and therefore, also their water
absorption. Finally, the system derived from hydrogel deposited at
15 kV revealed a ﬂat ﬁlm produced by small oligomer drops, associated
to a low roughness (Fig. 1a) implicating lowest water absorption per-
centage (~0.66% of total volumeperminute). According to these results,
it was noted that the voltage applied during deposition affects hydrogel
structural ordering and therefore its wettability degree.
Hydrogel deposited at 20 kV shows small initial contact angles
(≤42.2°) indicating a high wettability surface (Fig. 9b).4. Conclusion
The voltages used to form hydrogel ﬁlms deposited over silicon
wafer were 15, 20, 25 and 30 kV; at 15 kV the oligomer ejected from
syringe tip forms small droplets, after this, deposited surface was
photo-polymerized, favoring crosslinking degree between polymer
chains. When the voltage was increased to 30 kV, the pre-polymermix-
ture was expelled with a higher kinetic energy, producing disordered
ﬁlms at surface level. This occurs until a point wherein the formation
of clusters or small agglomerations over silicon wafer was realized.
Although the hydrogel deposited at 20 kV produce thin homogenous
ﬁlms, with ease modulation/control for hydrogel thickness. Using this
particular voltage (20 kV) and together with pre-polymer synthesis
and photo-polymerization process spontaneous hierarchical nested
wrinkle polymer surfaces were formed, favored by thermal and me-
chanical stresses supported by both processes, leading to self-
assembled ordered surface patterns. This system displayed the ability
to absorb water and release it in controlled way during consecutive
heating cycles. This characteristic favors membrane stability when
DPPC was deposited. Thus, DPPC-hydrogel system shows clear phases
and phase transitions associated to applied thermal cycles. In addition,
AFM technique was utilized to corroborate molecular movement at
Fig. 9. a) Contact angle for DPPC/(HEMA–PEGDA575) samples deposited at different voltages, using silicon wafer as substrate; b) images of contact angle measurements for the system
based on hydrogel deposited at 20 kV.
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values were also obtained for each temperature, allowing the determi-
nation of phase andphase transition limits, results thatwere concordant
to ellipsometry. System wettability was studied by contact angle mea-
surements, showing that the sample derived from hydrogel deposited
at 20 kV presents the highest water absorption percentage, probably
due to ordered surface nature of the hydrogel ﬁlm and their respective
free volume generated between polymeric chains, creating cavities
with high water afﬁnity.
All the hydrogels were prepared from the same pre-polymer
mixture and concentration, this work proves that there was a close
relation between voltage used for electrospinning deposition process
and obtained ﬁlm structure. So, surface structural ordering of the ﬁlm
affects water absorption capacity and its release, modulating surfactant
stability during consecutive heating cycles. According to this, the sample
deposited at 25 kV presents a non-preferential wrinkled structure
orientation, showing certain point defects (clusters) in their self-
assemble patterns, avoidingwater absorption or release frompolymeric
chains.
As ﬁnal conclusion, 20 and 25 kV samples showwrinkled polymeric
surface patterns spontaneously formed through deposition type
(electrospinning) and photo-polymerization process, patterns which
will be utilized for incorporating antimicrobial peptides in the hydro-
philic cavities formed at surface level, as tissue engineering for future
applications.
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